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Abstract: Prospective data are lacking concerning the effect of reduced mycophenolic acid (MPA) dosing on efficacy and the influence of concomitant tacrolimus exposure. The Mycophenolic Renal Transplant (MORE) Registry is a prospective, observational study of de novo kidney transplant patients receiving MPA therapy under routine management. The effect of MPA dose reduction, interruption, or discontinuation (dose changes) was assessed in 870 tacrolimus-treated patients: 375 (43.1%) reduced tacrolimus ( 7 ng/mL at baseline) and 495 (56.9%) standard tacrolimus (>7 ng/mL); enteric-coated mycophenolate sodium 589 (67.7%) and mycophenolate mofetil 281 (32.3%). During baseline to month 1, months 1-3, months 3-6, and months 6-12, 9.3% (78/838), 16 .6% (132/794), 20 .7% (145/701), and 13.1% (70/535) patients, respectively, required MPA dose changes. These patients experienced an increased risk of biopsy-proven acute rejection at one yr with tacrolimus exposure either included in the model (hazard ratio [HR] 2.60, 95% CI 1. 28-5.29 , p = 0.008) or excluded (HR 2.58, 95% CI 1. 28-5.23 , p = 0.008). MPA dose changes were significantly associated with one yr graft failure when tacrolimus exposure was included (HR 2.23; 95% CI 1.01-4.89, p = 0.047) but not when tacrolimus exposure was excluded (HR 2.16; 95% CI 0.99-4.79; p = 0.054). These results suggest that reducing or discontinuing MPA can adversely affect graft outcomes regardless of tacrolimus trough levels. Mycophenolic acid (MPA) is a routine component of immunosuppression regimens following kidney transplantation (1). However, dose-dependent toxicity frequently necessitates reduction or interruption of MPA dosing (2) (3) (4) (5) (6) (7) (8) . Retrospective data indicate that leukopenia is the most frequent trigger for MPA dose reduction in kidney transplantation, followed by gastrointestinal adverse events and infection (3) . Such changes appear to have a marked effect on transplant outcomes. Mycophenolate mofetil (MMF) reduction or discontinuation is associated with a significant increase in acute rejection (3, 9) and graft loss (10) in kidney transplant patients. Large-scale retrospective analyses of registry data from the United States (5, 8) and Europe (11) have also demonstrated a significantly greater risk of kidney allograft loss following cessation of MMF (5, 8, 11) or a dose reduction of 50% or more (5, 8) .
Current data, however, are subject to limitations. First, prospective data of reduced-dose MPA are limited to small single-center trials (12, 13) . Second, little is known about the relationship between changes to MPA dosing and concomitant exposure to calcineurin inhibitors (CNIs). It has not been determined whether reduction or elimination of MPA treatment confers the same risk in patients receiving reduced-exposure or standard-exposure CNI therapy. Moreover, the available data are largely derived from studies in which either cyclosporine or mixed CNI therapy (cyclosporine or tacrolimus) was administered, whereas many centers now routinely use tacrolimus-based immunosuppression. Third, evidence is sparse concerning the comparative effect of the MMF and enteric-coated mycophenolate sodium (EC-MPS) formulations. While efficacy and safety of the two formulations were similar in pivotal trials (14, 15) , subsequent trials using patient-reported outcomes have suggested that conversion from MMF to EC-MPS may improve the gastrointestinal symptom burden (16) (17) (18) with the potential to minimize dose reductions or discontinuations (19) and permit maintenance of higher MPA dosing (20) (21) (22) (23) .
The Mycophenolic Renal Transplant (MORE) Registry prospectively collects data on kidney transplant patients receiving MPA and tacrolimus at the time of transplantation, followed to five yr post-transplant. The purpose of the current analysis was to test the hypothesis that reduction, interruption, or discontinuation of MPA compromises immunosuppressive efficacy regardless of tacrolimus exposure. Specifically, data were analyzed to determine whether such changes to MPA dosing are associated with increased risks of biopsy-proven acute rejection (BPAR) and early graft failure and whether this association is influenced by the extent of exposure to tacrolimus.
Material and methods

Study design
The MORE Registry is a five-yr, international, prospective, observational study of de novo renal transplant patients receiving MPA therapy (either EC-MPS or MMF). Eligible sites were selected to meet geographic and size diversity. The study is performed under routine clinical conditions according to local practice. Recruitment started in June 2007 and closed in May 2010. Data collection is ongoing. The MORE Registry is conducted according to the Declaration of Helsinki, and informed consent is obtained for all enrolled patients.
Study population
Adult ( 18 yr) recipients of a deceased or living donor kidney transplant administered MPA (EC-MPS or MMF) prior to hospital discharge were eligible for enrollment. Patients were excluded if they had received or planned to receive a bone marrow or other solid organ transplant, if they were enrolled or were planned to enroll into an investigational clinical trial involving an immunosuppressive agent that is either blinded or unapproved by the Food and Drug Administration, or if they are unlikely to complete five yr of followup. To minimize the possibility of center-imposed bias, investigators at each site agreed to seek participation of all eligible de novo renal transplant recipients seen at the study site within two wk of transplantation. However, enrollment to the registry was capped at a ratio of EC-MPS / MMF recipients of approximately 2:1. The current analysis was restricted to patients who were receiving tacrolimus maintenance immunosuppression at baseline, as this group represented 95% of patients in the MORE Registry.
MPA therapy
The type of MPA utilized (EC-MPS or MMF) and any dose adjustments were determined by centerspecific protocols.
Data collection and evaluation
Data are recorded at baseline (defined as within two wk of transplantation) and at specified inter-vals based on routine post-transplantation clinic visits, that is, months 1, 3, 6, and 12 and annually thereafter to five yr. Only data already available to the site clinical team are collected. Information is entered by designated investigator staff to a webbased electronic data capture system with real-time data validation checks to ensure data quality. Data undergo an automated data quality review followed by data management review and both electronic and on-site monitoring.
At each post-baseline study visit, data collection includes occurrence of BPAR, graft and patient survival status, type of immunosuppression, laboratory results, and adverse events. Any reduction, interruption, or discontinuation of MPA dose since the previous visit was recorded and included under the general term "MPA dose change." The reason for MPA dose change was recorded. EC-MPS dose was converted to the MMF equivalent by multiplying the EC-MPS dose by 1.3889 (24) . Tacrolimus trough level was recorded at each clinic visit, using immunoassay-based methods in >89% of cases at each time point. Patients were categorized as receiving reduced ( 7 ng/mL) or standard (>7 ng/mL) tacrolimus exposure (25) . Serum creatinine at baseline and at months 1, 3, 6, and 12 was used to calculate estimated glomerular filtration rate (eGFR) using the abbreviated Modification of Diet in Renal Disease four-variable formula (26) .
Statistical methods
Data recorded to June 2010 are presented for the first year post-transplant. All analyses were performed using data pooled across centers and are exploratory. Between-group comparisons were performed based on analysis of variance (ANOVA) for continuous variables and Pearson's chi-square test for categorical variables. Cox proportional hazards modeling was used to analyze adjusted risk of first episode of BPAR and graft failure, with MPA dose change included in the models as a time-varying covariate. To evaluate the impact of tacrolimus exposure on the effect of MPA dose change, two multivariable regression models were fit to the data: one included tacrolimus exposure as a time-dependent covariate, and one did not include tacrolimus exposure. A third model, in which only tacrolimus exposure was included, was also fit to the data. All regression models included recipient age and donor type (living vs. deceased donor). Regression models for BPAR and eGFR also included baseline MPA dose (per mg), recipient race and gender, primary indication for renal transplantation, baseline serum creatinine (per mg/dL), and donor age. Because of low event rates, these factors were not included in the multivariable Cox proportional hazards model for graft failure. Missing data were not imputed in any of the analyses. Analyses were performed using SAS statistical software (SAS Institute, Cary, NC, USA). p < 0.05 was considered statistically significant.
Results
In total, 870 patients from 40 centers received tacrolimus at the time of transplant, provided baseline tacrolimus trough concentration data, and formed the analysis population. The mean (SD) duration of follow-up was 429 (280) d (median 370, range 10-1107 d). The majority of patients were men (63.8%, 555/870), with a mean age of approximately 52 yr, and fewer than 9.0% of patients (78/ 870) had undergone a previous kidney transplant.
Tacrolimus immunosuppression
At baseline, 375 patients (43.1%) were receiving reduced tacrolimus exposure ( 7 ng/mL), and 495 (56.9%) were receiving standard exposure (>7 ng/mL). There was a slightly older recipient age, more white donors, a lower rate of pre-transplant dialysis, and more living donors with fewer donations after cardiac death in the standardexposure group (Table 1) . As would be expected, the proportion of patients with tacrolimus trough concentration >7 ng/mL peaked at months 1 and 3 post-transplant (Fig. 1) .
Patients receiving reduced tacrolimus exposure received a significantly lower dose of MPA at baseline, were less likely to receive corticosteroid induction therapy, were less likely to receive rabbit antithymocyte antibody induction, and were more likely to receive alemtuzumab induction, compared with those given a standard tacrolimus regimen (Table 2) .
MPA immunosuppression
Approximately two-thirds of patients (n = 589, 67.7%) were receiving EC-MPS at baseline; the remaining 281 patients (32.3%) received MMF. Compared to the MMF-treated cohort, patients receiving EC-MPS had a significantly shorter follow-up period (reflecting more recent adoption of the newer formulation), were slightly older, and were more likely to receive a graft from a donor aged 60 yr or older (Table 1) . The proportion of patients with a baseline dose <2 g/d (in MMF equivalent doses) was 18.2% (107/589) in the EC-MPS group and 23.1% (65/281) in the MMF group (n.s.); mean baseline dose was similar with either formulation. Concomitant immunosuppression, including tacrolimus exposure (Fig. 1) , was similar in the MMF and EC-MPS groups other than a greater incidence of rabbit antibody induction in the EC-MPS cohort and a greater incidence of alemtuzumab induction in the MMF cohort ( Table 2) .
The mean dose of EC-MPS (in MMF equivalent doses) and MMF was 1850 ± 381 and 1789 ± 443 mg/d at month 1 (p = 0.044), 1752 ± 469 and 1657 ± 493 mg/d at month 3 (p = 0.011), 1594 ± 518 and 1506 ± 533 mg/d at month 6 (p = 0.051), and 1545 ± 507 and 1448 ± 540 mg/d at month 12 (p = 0.057). Post-baseline, 10 patients switched from EC-MPS to MMF: the reasons were economic (2), acute rejection (2), optimization of therapy (1), administrative (1), and other (4). Thirty-three patients switched from MMF to EC-MPS owing to gastrointestinal adverse events (23) , viral adverse event (1), hematologic event (1), or economic reasons (1); the reason for switch was missing for seven patients.
During the periods baseline to month 1, months 1-3, months 3-6, and months 6-12, 9.3% (78/838), 16 .6% (132/794), 20.7% (145/701), and 13.1% (70/ 535) patients, respectively, required one or more MPA dose change. The most frequent modification was MPA dose reduction (69-85% of cases [ Table 3] ). There were no significant differences in the proportion of EC-MPS-or MMF-treated patients requiring a MPA dose change at any period during the first 12 months post-transplant, or any marked variation in the causes (Table 3) . Patients who required a MPA dose change had a lower mean tacrolimus trough concentration at all time points, which was significant at month 1 (p = 0.047) and month 12 (p = 0.014), and Fig. 1 . Proportion of patients receiving reduced tacrolimus (trough concentration 7 ng/mL) and standard tacrolimus (trough concentration >7 ng/mL) at baseline (i.e., within two wk of transplantation) and months 1, 3, 6, and 12. received a slightly lower dose of corticosteroids than those in whom the initial MPA dose remained unchanged (Table 4) .
Efficacy
The unadjusted incidence of BPAR from baseline to month 1, months 1-3, months 3-6, and months 6-12 was 4.7% (39/823), 1.3% (10/751), 1.3% (8/ 631), and 2.4% (11/463), respectively, among patients for whom tacrolimus exposure was known at each time point (Table 5) . Twelve-month risk of BPAR was 9.3% (95% CI 7.1-11.4%) based on Kaplan-Meier estimates. A further three episodes of BPAR were reported, which were not confirmed by biopsy. Multivariate analysis showed a significantly higher risk of BPAR in patients with a MPA dose change that was unaffected by the inclusion of tacrolimus exposure as a covariate (Table 6 ) that is, patients with a MPA dose change were at a similarly increased risk of BPAR regardless of concomitant tacrolimus trough level. Consistent with this, the unadjusted incidence of BPAR in patients with reduced or standard tacrolimus exposure was similar for patients who did or did not require a MPA dose change (Table 5) , and there was no significant association between tacrolimus exposure and risk of BPAR after adjustment for confounding variables (hazard ratio [HR] 0.83, 95% CI 0.45-1.53, p = 0.545 [ Table 6 ]). Twelve-month graft survival was 95.6% (95% CI 94.0-97.2%) based on Kaplan-Meier estimates. Cox regression modeling showed MPA dose change to be associated with more than a twofold increase in risk of graft failure at one yr, an association that was significant when tacrolimus exposure was included as a covariable in the model (Table 6 ). There was no evidence of a statistically significant association between tacrolimus exposure and risk of graft failure at one yr (HR for reduced exposure vs. standard exposure 1.17; 95% CI 0.56-2.44; p = 0.684). 
Discussion
In this first prospective analysis of the impact of MPA dosing on graft outcomes following kidney transplantation, reduction, interruption, or discontinuation of MPA treatment was associated with more than a twofold increase in the risk of both BPAR and graft failure. Notably, the risk that patients would require a MPA dose change was unaffected by concomitant tacrolimus exposure.
To our knowledge, the current analysis is the first to show that the increased risk of BPAR in patients with MPA dose reduction, interruption, or discontinuation is not influenced by whether the patient is receiving standard or reduced tacrolimus exposure. Patients who did not continue to receive their initial MPA dose experienced more than a 2.5-fold increase in adjusted risk of BPAR vs. those in whom MPA dose remained unchanged, a difference that was virtually unaffected by the inclusion of tacrolimus exposure in the model. In an early dose-finding study of MMF, in which (27) , and previous retrospective studies have confirmed that MPA dose reductions or discontinuation incur a higher risk of rejection (3, 9) , but concomitant CNI concentrations were not described. Evidence from clinical trials (25, 28, 29) indicates that reduced CNI exposure does not influence rejection rates in MPA-treated patients but, conversely, changes to MPA dosing have not been reported. The recent Symphony study observed no difference in the one-yr (25) or threeyr (28) incidence of BPAR in kidney transplant patients receiving reduced or standard cyclosporine exposure in combination with MMF. Similarly, a meta-analysis of 19 randomized studies undertaken in kidney transplant patients receiving MPA found that acute rejection rates were not affected by CNI exposure reduction (29) , consistent with data from retrospective series (30, 31) . The risk of graft failure was also significantly increased by more than twofold in patients who required a MPA dose change, regardless of tacrolimus level. Adequate MPA dosing appears essential for optimal graft outcomes. Retrospective registry analyses have previously shown significantly higher rates of graft loss following cessation of MMF (an increase of between 1.5-and 3.2-fold [5, 8, 11] ) or a dose reduction of 50% or more (1.3-2.4-fold) (5, 8, 11) , consistent with our results. Here, the absolute rate of BPAR was relatively low (7.8% in patients for whom the MPA dose was changed by month 1), and although data on the severity of BPAR were not consistently captured and cannot be analyzed reliably, mild episodes are likely to have accounted for at least some of the reported rejection events and may have had a relatively minor effect on subsequent graft survival (32, 33) . Nevertheless, the differences in BPAR between groups appear to account for the variation in graft survival rates.
Hematologic adverse events were the most frequent cause of MPA dose change during months 1-6, declining thereafter. MPA dose changes in response to BK polyoma virus infection (34) peaked during months 3-6. Gastrointestinal events as a cause of MPA dose changes became less frequent after month 6, possibly due to a lessening of tacrolimus-related gastrointestinal effects (35) as tacrolimus exposure decreased over time. The pattern of MPA dose changes must, however, be interpreted with caution as patients who were most susceptible to complications withdrew from the study throughout follow-up, leaving patients who were progressively less likely to require a MPA dose change remaining in the analysis. No consistent differences between EC-MPS and MMF were observed in terms of either the rate or causes of MPA dose changes, including gastrointestinal events. The pivotal comparative trial of EC-MPS vs. MMF in de novo kidney transplant recipients showed no difference in the frequency of dose changes owing to gastrointestinal intolerance (14) , but more sensitive patient-reported outcomes were not used (16) (17) (18) . Here, the dose of MPA was maintained at a significantly higher level in the EC-MPS group vs. the MMF group during the first three months post-transplant, with a trend to significance thereafter. This is consistent with recent findings from a randomized trial of kidney transplants with gastrointestinal symptoms in which significantly more patients tolerated a dose increase with EC-MPS than with MMF (20) . In the current analysis, 23 patients converted from MMF to EC-MPS for gastrointestinal symptoms, but there were no switches from EC-MPS to MMF for this cause.
The strengths of this study include the prospective data collection, the correct use of a time-dependent variable for MPA dose changes and tacrolimus exposure, and a relatively large patient population representative of routine clinical practice. Drug dosage changes and rejection episodes were captured in detail during routine monitoring, although timing of data collection was not necessarily consistent across centers. However, as an observational study, the analysis inevitably has limitations. First, a causal relationship between MPA dosing and efficacy outcomes cannot be established. An interventional trial in which the MPA dose is administered below the recommended level without a medical indication would be considered unethical. Second, transplant centers were free to select immunosuppression according to local protocols, and the potential for bias in patient selection cannot be ruled out. Preferential use of EC-MPS or MMF in particular patients seems unlikely as centers typically have only one MPA treatment on their inpatient hospital formulary. Perhaps more pertinently, indications for MPA dose adjustment and tacrolimus exposure were not protocol-mandated, and reasons for dosing choices are not known. The observation that tacrolimus exposure was lower in patients who required a MPA dose change might reflect an attempt to reduce all drugs known to exert gastrointestinal effects in symptomatic patients, lowering the exposure of all immunosuppressant agents in patients with BK infection, or a more aggressive immunosuppression minimization strategy at certain transplant centers. Similarly, steroid dosing or withdrawal was not protocol-specified. Third, MPA concentrations were not measured, so the effect of MPA exposure on efficacy cannot be assessed, although data regarding the benefit of measuring MPA levels are inconclusive (36) (37) (38) (39) . Despite these limitations, the findings of this prospective analysis of patients managed under routine clinical conditions suggest that caution should be exercised when the MPA dose is reduced or discontinued in patients receiving tacrolimus, regardless of the extent of tacrolimus exposure.
